The experimental reaction between [1,2,4-(Me 3 C) 3 Labelling studies show that the methyl group of the methylhalide is transferred intact to the benzyl group. The mechanism, as revealed by DFT calculations on (C 5 H 5 ) 2 CeCH 2 Ph and CH 3 F, does not proceed by way of a four-center mechanism, (σ-bond metathesis) but a lower barrier process involves a haptotropic shift of the Cp 2 Ce fragment so that at the transition state the para-carbon of the benzene ring is attached to the Cp 2 Ce fragment while the CH 2 fragment of the benzyl group attacks CH 3 F that is activated by coordination to the metal ion. As a result the mechanism is classified as an associative interchange process.
Introduction
The preparation and reactions of [1, 2, 4 -(Me 3 C) 3 C 5 H 2 ] 2 CeH, abbreviated as Cp' 2 CeH, with aliphatic and aromatic hydrofluorocarbon CH 3 F and C 6 H 6-n F n , n = 1-6, respectively, have been published. 1, 2, 3 These studies were extended to other methylhalides and related compounds, CH 3 X, X = Cl, Br, I, OMe, NMe 2 recently. 4 The reactions of these methyl-derivatives with Cp' 2 CeH, illustrated by the net reaction in eq.1 are, at first glance, a simple metathetical H for X exchange reaction but the reaction mechanism does not proceed by a four-center metathesis transition state.
Cp' 2 CeH + CH 3 X Cp' 2 CeX + CH 4 X = F, Cl, Br, I, OMe (1) 4
The combined experimental and computational studies 1, 4 showed that the reaction proceeds by a two-step process, the first of which is an intermolecular C-H activation, eq 2a, that is followed by ejection of CH 2 and trapping by H 2 , eq 2b. (OMe), but the activation barrier for the second step is higher in all cases studied. The calculated activation barrier for a synchronous process that proceeds by way of a metathesis transition state is higher, by about 6 to 8 kcal mol -1 , than the second, rate determining step. The physical picture that emerges from the calculations is that the metathesis transition state A has negative charge accumulation on H and X and positive charges on Cp 2 Ce and on CH 3 . It has a higher activation barrier since it resembles Cp 2 Ce + CH 4 X -and CH 4 X -is a high energy species. Accordingly, the reactants choose a two-step pathway in which the transition state for C-H activation, B, forms Cp 2 CeCH 2 X. This is followed by a step in which CH 2 inserts into H 2 and Cp 2 CeX by cleavage of the C-X bond. Experimental evidence for the two-step mechanism was derived by observing that (a) the Me 3 C-groups on the Cp'-rings can act as an intramolecular trap for CH 2 , when H 2 is absent, as can added cyclohexene, which formed norcarane, and cyclohexane-d 12 solvent, which formed methylcyclohexane-d 12 , (b) NMR evidence was obtained for Cp' 2 CeCH 2 X, X = Cl, Br, I and (c) when X = OMe, Cp' 2 Ce(η 2 -CH 2 OMe) was isolated. 1, 4 Thus, the combined computational and experimental studies showed that the two-step pathway 5 proceeding by way of a carbenoid intermediate is general for the CH 3 X derivatives studied.
The cerium metallocenes used in these studies, Cp' 2 CeCH 2 Ph, Cp' 2 CeH and Cp' 2 CeF are monomeric in the solid state and presumably in solution as well. Hence, they are excellent experimental models for the computational studies, which were carried out using the C 5 H 5 metallocenes in gas phase.
In this article, a combined experimental and computational study of the reaction of Cp' 2 CeCH 2 Ph, along with its chemical and physical properties, with CH 3 X, X = F, Cl, Br, or I, a stoichiometric C-C bond forming reaction, are described, eq 3. results in alkane elimination and formation of the metallacycle at low temperature.
Scheme 1
The 1 H NMR spectrum of the benzyl derivative in C 6 D 6 at 19°C was mentioned previously. 2 The spectrum shows the Me 3 C group resonances as three broad singlets in a 1:1:1 area ratio, inequivalent Cp'-ring CH resonances and one other resonance of area 1 that is assumed to be the para-H resonance of the benzyl group; the CH 2 and the benzene ring ortho and meta resonances are not observed. In order to confirm this assignment, Cp' 2 Ce(4-methylbenzyl) is prepared and isolated as outlined in the Experimental Section. The variable temperature with average C 2v symmetry at high temperature but C s symmetry at lower temperature. In addition, a resonance assigned to the meta-H's of the benzyl group is observed at -80°C as a single resonance in the benzyl and 4-methylbenzyl derivatives, implying that the phenyl ring is either in the plane of symmetry, perpendicular to it, or oscillating about CeCH 2 -C(ipso) bond generating a time averaged plane of symmetry.
In the solid state, two molecules are found in the asymmetric unit of In the latter example, the Ce-CH 2 -C(ipso) angle of 86.0(3)° is even more acute than the equivalent angle in the molecule shown in Fig. 1b Accordingly, solvents for reactions of the benzyl derivative must be chosen carefully in order to minimize complications due to H/D exchange reactions. Thus in pentane or in cyclohexane, the metallacycle is isolated or generated in pure form. In benzene, the phenyl derivative 13 may be isolated or generated in pure form. 2 Although the equilibrium between the benzyl and the metallacycle is, on one hand, useful as it allows access to labeled cyclopentadienyl compounds, on the other hand, it complicates the reactions studied in this article, since the metallacycle reacts with the methylhalides 4 and deuterium labeling is essential to unravel these pathways. 
Reactions of Cp

Structure of Cp 2 Ce(CH 2 Ph)
The calculated structure of the benzyl complex shown in Fig. 3 is in good agreement with the structure shown in Fig. 1b , one of the two molecules found in the crystal structure of Cp' 2 CeCH 2 Ph and in Fig. 2 , the 4-methylbenzyl structure. The C(1)-C(2) distance of 1.44 Å, is between that expected for a single and a double bond.
The cerium is bonded to the benzyl group by way of C(1) at a distance of 2.64 Å but the cerium atom is also close to C(2) (2.78 Å) and the two ortho carbon atoms, C (3) and C(7), of the phenyl ring benzyl anion, the π density is mostly on C(1), the ortho C(3) and C(7) and the para carbon C(5). Interaction between the Cp 2 Ce + fragment and the benzyl ligand polarizes the π electron density. In the optimal structure, the electron π density of the benzyl ligand is mainly localized on C(1), C(2) and an ortho carbon C(3) with only a small amount localized on the other ortho carbon C(7), the meta and para carbons C(4, 5 and 6). According to the NBO analysis, the charge (sum of the charges on carbon and adjacent hydrogens) on C(1) is -0.48, ipso C(2) is -0.13, ortho C (3) [Ce] represents Cp 2 Ce. The red color indicates to the most negatively charged atoms in the benzyl group. Numbering of carbon atoms in the benzyl group is in blue.
Pathways for the reaction of Cp 2 CeCH 2 Ph with CH 3 F
The σ-bond metathesis pathway is considered first. In this one-step concerted reaction, the transition state has the usual kite-shaped structure. The CH 2 group of the The high activation barrier makes a σ-bond mechanism improbable. . While the activation energy barriers for this two-step process are not low, they are significantly lower than that of the σ-bond metathesis. However, the methyl group is not transferred intact in this process, which disagrees with the experimental result and another physical process needs to be discovered. . In this transition state, the Cp 2 Ce fragment is 2.95 Å from C(5), the para carbon of the benzyl group and 3.15 Å from the two meta carbons C(4) and C(6), and 4.55 Å from the methylene carbon, C(1) (Fig. 6) . Thus, the Cp 2 Ce fragment is not bonded to the CH 2 group of the benzyl fragment but is attached by way of C(5). The C(1)-C(2) distance of 1.39 Å is shorter than in the benzyl complex where it is 1.44 Å (Fig. 3) . The CH 3 F molecule is bonded to Ce by way of F, and the 
Discussion
Comparison of the free energy profiles of the three pathways allows us to eliminate the σ-bond metathesis as a pathway for the formation of ethylbenzene since the free energy barrier is significantly higher than the other two calculated pathways (Fig. 7) . The present result generalizes the results found for the H for X exchange reactions between Cp 2 CeH and CH 3 X, for which the σ-bond metathesis pathway is also energetically unfavorable, that is, the kite-shaped transition state is a high energy process when a methyl group is in the β-position, regardless of the nature of the chemical groups at the α-positions. [Ce] represents the Cp 2 Ce fragment. The IA process is in green, the two-step process (proton transfer, CH 2 insertion) is in black and the σ-bond metathesis is in red. and benzyl, respectively. The proton transfer has the lowest energy barrier when R is H, since this ligand concentrates a large negative charge in a spherical orbital. In the methyl complex, the negative charge is localized in a hybrid orbital carrying the density on the negatively charged methyl group, i.e. the overlap with the proton is less. As the bond between the methyl group and the incoming proton develops, the Ce-Me bond distorts significantly as the methyl group tilts in order to share its electron density with the proton (Fig. 5 ). In the case of benzyl, two factors contribute to the increase in the free energy barrier for proton transfer; i) the negative charge of the benzyl is dispersed over the whole group and its CH 2 group forms a weaker C…H interaction (this is also shown by the difference between the deprotonation enthalpies of CH 4 and toluene, which are 417 and 374 kcal mol -1 , respectively 15 ) and ii), the distortion that occurs in the methyl group cannot be as strong in the benzyl group since the distortion will force the benzene ring and the Cp 2 Ce fragment in close 23 contact. As a result, the energy barrier for the proton transfer step between Cp 2 CeCH 2 Ph and CH 3 F is higher than in Cp 2 CeMe.
The calculated free energy barriers for the I A mechanism and the proton transfer pathways are similar (Fig. 7) . The relative energy of these transition states are influenced presumably by the presence of the six bulky Me 3 C groups on the two cyclopentadienyl ligands in the experimental systems. The Me 3 C groups not only create steric effects in the ground and transition states but they modify the angle between the two cyclopentadienyl rings that influences the interaction between the metal with the other ligands. The computational model does not indicate a preference for either pathway but the experiments show that the methyl group is transferred intact, which is only consistent with the I A mechanism.
Experimentally, the reactions between Cp' 2 CeCH 2 Ph and CH 3 X are complicated by the equilibrium between the benzyl derivative and the metallacycle and toluene, since the metallacycle also reacts with CH 3 X, Scheme 1. The relative rates of reaction of the benzyl with CH 3 X versus the formation of metallacycle and toluene can be estimated by the relative amount of CH 3 CH 2 Ph and CH 3 Ph formed. This is reliable, however, only when X = F, since the reaction of this halide is clean and relatively rapid with the benzyl and metallacycle. At 20°C, the ratio of CH 3 CH 2 Ph to CH 3 Ph is 1:4, showing that the C-C bond forming reaction is slower than the elimination of toluene. The ratio of CH 3 CH 2 Ph, p-xylene in the reaction of Cp' 2 Ce(4-methylbenzyl) with CH 3 F are similar, implying no appreciable substituent effect on the rate of reaction, consistent with the calculations. However, the rate of reaction of the benzyl derivative is much faster than that of the phenyl, presumably because the benzyl is a better nucleophile than a phenyl group. The experimental studies give only qualitative mechanistic information about the C-C bond forming 24 reaction, however, the computational studies show that the benzyl group is indeed behaving as a nucleophile in the transition state for the PhCH 2 for F group exchange reaction. In the transition state, the benzyl group is attached at only one point, the para carbon of the benzene ring. An NBO analysis of the individual atoms in the benzyl group in the ground state and the transition state shows that: i) the variation in the charges at the ipso, ortho and meta carbon are small ii) the negative charge on the para-carbon increases by almost 0.2 e and iii) the negative charge on the methylene carbon decreases by 0.30 e. (Fig. 8) . The charge redistribution can be understood by considering three of the valence bond structures that represent the benzyl anion ( fragment is out of the plane of the benzene ring by 10-12° and the Th-C distances to the benzene ring vary in the order C(para) < C(meta) < C(ortho) << C(ipso).
17, 18
The possibility of multihapto interactions between a positive ion, Li In these structures the CH 2 group is close to the metal ion fragment and the classification of the bond type is determined by the distance between the metal ion and the carbon atoms of the arene. The calculated transition state for the carboncarbon bond forming reaction shows that the CH 2 group is not attached to the metal and therefore the electron density is available for a nucleophilic attack on the methyl group of CH 3 F, whose electrophilicity is enhanced by the coordination of the fluorine atom to Cp 2 Ce.
Conclusion
The net reaction between Cp' 2 CeCH 2 Ph and CH 3 X (X = F, Cl, Br, I) yields Cp' 2 CeX and CH 3 CH 2 Ph. Calculations carried out for X = F show that the mechanism of the benzyl for fluoride exchange reaction does not proceed by way of a simple four-center transition state, since a lower barrier process in which the benzyl group is attached at the para position to the Cp 2 Ce fragment leaves the CH 2 group free to act as a nucleophile forming the C-C bond with CH 3 F. This yields ethylbenzene or, when Cp' 2 CeCD 2 C 6 D 5 is used in the experimental studies, CH 3 CD 2 C 6 D 5 without scrambling the hydrogens of the CH 3 group. In this mechanism, the metal allows the CH 2 fragment of the benzyl group to behave as a nucleophile towards the CH 3 F molecule, which is itself activated by the metal to behave as an electrophile.
Experimental details
General
All manipulations were performed under an inert atmosphere using standard Schenk and dry box techniques. All solvents were dried and distilled from sodium or sodium benzophenone ketyl. Anhydrous methyl fluoride, methyl chloride, and methyl bromide were used without further purification. Methyl iodide was obtained commercially and purified by distillation onto activated 4 Å molecular sieves. NMR spectra were recorded on Bruker AV-300 or AV-400 spectrometers at 20°C in the solvent specified. J-Young NMR tubes were used for all NMR tube experiments.
Electron impact mass spectrometry and elemental analyses were performed by the microanalytical facility at the University of California, Berkeley. The abbreviation
Cp′ is used for the 1,2,4-tri-tert-butylcyclopentadienyl ligand. Unless otherwise specified, samples for GC-MS were prepared by adding a drop of nitrogen-purged Single crystals of appropriate dimension were mounted on glass fibers or Kapton loops using Paratone N hydrocarbon oil. All measurements were made on a SMART 1000 22 diffractometer with CCD area detector and graphite monochromated Mo-Kα radiation. Data were collected at low temperature using 10 second ω or ω and φ scans.
Frame data were integrated using SAINT 23 and empirical absorption corrections were applied using SADABS. 24 The data were also corrected for Lorentz-polarisation effects. The structures were solved using direct methods 25 and expanded using Fourier techniques 26 Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included in calculated positions but not refined. All calculations for Cp' 2 Ce(CH 2 C 6 H 5 ) were performed using the teXsan 27 crystallographic software package of Molecular Structure Corporation. All calculations for Cp' 2 Ce(4-methylbenzyl) were performed using the SHELXTL 28 crystallographic software package of Bruker Analytical X-ray Systems Inc. Crystallographic data are given in Table A and additional full crystallographic details are included in supporting information. 
Computational details
The Stuttgart-Dresden-Bonn Relativistic large Effective Core Potential 
